Abstract
INTRODUCTION
"where t h e r e is red sand (i.e. rusty quartz) above, t h e r e is gold below, where t h e r e a r e magnetic stones (i.e. magnetite) The history of the development of geophysics in China can b e traced f a r back t o ancient times. According t o early above, t h e r e a r e copper and gold below, where t h e r e is ochre (i.e. gossans) above, t h e r e is iron ore below, and where t h e r e records, i t was in the third century B.C. t h a t t h e phenomenon is lead above, there is silver But owing to the long t h a t "magnet a t t r a c t s iron" was first observed, and in t h e period of feudal domination and semi-feudal and semiearly years of the first century A.D. t h e polarity of a magnet colonial rule, exploration geophysics and geochemistry, like was known.
The compass had been widely used by t h e beginning of t h e twelfth century A.D.
o t h e r disciplines of science and technology did not progress in China. As a result before liberation in 1949 t h e r e w e r e only a With r e s p e c t t o geochemistry, over 2000 years ago f e w mining geophysicists engaged in a very limited amount of scientific i d e a s of applying geochemistry in o r e prospecting experimental investigations. In geochemistry t h e situation w e r e plainly put forward in China in t h e Spring and Autumn w a s so bad t h a t until t h e eve of liberation t h e r e was not even Period (770-475 B.C.), a s described in t h e works Uuan T z e a single specialist in this field.
F o r m o r e t h a n t w e n t y y e a r s s i n c e t h e founding of t h e People's R e p u b l i c of C h i n a on O c t o b e r 1, 1949, under t h e l e a d e r s h i p of t h e g r r a t l e a d e r ( : h a i r m a~r M a o and t h e C o m m u n i s t P a r t y of China, t h e geophysical a n d g e o r h e m i c a l population of C h i n a h a s e x p a n d e d f r o m a s m a l l t o a l a r g e f o r c e , w i t h a t o t a l s t a f f presently n u m b e r~n g t e n s of thousands; t h u s geophysical and g e o c h e m i c a l m e t h n d s h a v e f o u n d a wide application in mining exploration in China; a t t h e s a m e t i m e geophysical m e t h o d s also h a v e b e e n used widely in t h e fields of p e t r o l e u m and coal, a:; well a s in hydrogeology arid engineering geology. U n d e r t h e guidance of d i a l e c t i c a l m a t e r i a l i s m , C h i n e s e geophysicists arld g c o c h c mists h a v e rnade t h e i r work m o r e e f f e c t i v e . In r e c e n t y e a r s m o s t of ttie m a g n e t i c irorr-ore deposits found h a v e b e e n d i s c o v e r i e s resulting f r o m guophysical exploration. S u c c e s s f u l r e s u l t s h a v e b e e n also o b t a i n e d f r o m geophysical a n d g e o c h e m i c a l p r o s p e c t i n g f o r such m i n e r a l r e s o u r c e s a s c o p p e r , lead, zinc, c h r o m i u m , nickel, rnolybdenunr, vanadium, a n d r a d i o a c t i v e elements. In order t n s u p p o r t t h e nation-wide 1 : 2 0 0 0 0 0 s c a l e geological mapping a n d a r e a l airborne m a g n e t i c survey p r o q r a m and a r~g i o n a l rjeochemical i n v e s t i q a t i o n h a v e been c a r r i e d o u t , which h a v e provided a l a r g e a m o u n t of f u n d a m e n t a l information.
Consequerltly mining geophysics and g e o c h e m i s t r y h a v e b e e n t a k e n m o r e seriously in geological investigations w i t h e v e r y passing day. A brief r e v i e w of t h e application of geophvsics and gcochcmi s t r y t o s e a r c h f o r m e t a l l i c o r e s in C h i n a follows.
GEOPHYSICAL PROSPECTING IN CHINA
T h e socialist s y s t e m h a s provided a broad pussibility f o r t h e rapid developnlent of g e o p h y s i r a l p r o s p e c t i n g i r i C h i n a using t h e principles ol independence, i n i t i a t i v e and sr.lfr e l i a n c e . (:eoiogicnI instrurnent f a c t o r i e s h a v e been built-up s t e p hy s l e p and r e s e a r c h i n s t i t u t i o n s h a v e also b r e n established. In addition t o ttie fnregciing, r e s c a r c h p r o j e c t s of m e t h o d o l o q y and instrurnentation h a v e also h e e n u n d e r t a k e n by t h e various m i v e r s i t~e s and r:olleqes c o n c e r n e d a s well a s by s o m e or t h e geophysical field parties. With r e s p e c t t o m a g n e t i c i n s t r u m e n t a t i o n , s u s p e n s i o n -w~r e rnagrletometers, q u a r t z m a g n e t o m e t e r s , fluxgates, proton-procession a n d optically-pumped rnagnetonieters h a v e b e e n successfully designed and m a n u f a c t u r e d . In t h e f i e l d of g r a v i m e t r y highprecision p o r t a b l e g r a v i m e t e r s h a v e b e e n d e v e l o p e d a n d f a b r i c a t e d .
We h a v e also developed and manufacl.ured a v a r i e t y of i n s t r u m e n t s for e l e c t r i c a l e x p l o r a t i o n and f o r borehole invest.igations.
In addition a c o m p e n s a t i o n -t y p e a i r b o r n e E M s y s t e l n h a s b e e n successfully developed. In r e s p e c t t o t h e t r e a t m e n t and i n t e r p r e t a t i o n of geophysical d a t a w e h a v e established and a r e continuing t o establish s e v e r a l d a t a -p r o c e s s i n g c e n t r e s equipped w i t h c o m p u t e r s .
While l e a r n i n g a d v a n c e d t e c h n i q u e s f r o m abroad, w e a r e developing i n s t r u m e n t s specifically s u i t e d t o o u r a c t u a l geo1ogic:al a n d ge0phy:;ical conditions. F o r i n s t a n c e , a h o r i z o n t a l r n a g n e t o l n e t e r w a s designed f o r m e a s u r e m e n t of t h e horizon1 a1 m a g n e t i c conrponent in an a r b i t r a r y direction. Such a n i n s t r u m e n t h a s proven t o b e applicable t o p r o s p e c t i n g for rnaqnetic orebodies a t low latitudes. In support of t.he s c i e n t i f i c irlvesligation in t h e Mt. J o l m o Lungrna region, a "Mt. J o l m a Lungrna1'-type g r a v i m e t e r w a s successfully m a n u f a c t u r e d a n d used f o r s t a t i o n m e a s u r e m e n t s a t a n a l t i t u d e of 7790 m ( Fig. 40.1) T o e n a b l e t h e induced p o l a r i z a t i o n m e t h o d (IP) t o p r o s p e c t area:; rapidly, a modified IP r e c e l v e r has b e e n developed. By using t h~s i n s t r u m e n t , t h e m e a s u r e m e
r i t line is s e p a r a t e d f r o m [.he c u r r e n t line w i t h o u t any synchronizirlg unit arid t h e signal r e c e i v e d by t h e r e c e i v e r a t t h e c u t o f f of t h e p r i m a r y field s e r v e s a s t h e triqgering signal. Being portable, s i m p l e t o r e a d and p e r m i t t i n g t h e s i m u l t a n e o u s operat ion of s e v e r a l nieasurinq groups.
T h e i n s t r u m e n t m a k e s possible a higll working e f f i c i e n c y f o r t h e IP m e t h o d .
C h i n e s e geophysicists in o r d e r t o o b t a i n t h e m o s t r e a s o n a b l e i n t e r p r e t a t i o n exarninc a n o m a l~e s and s u m up t h e i r c o l l e c t i v e e x p e r i e n c e . Thus a rrumher of s c~c c e s s f u l r e s u l t s h a v e b e e n obtained. Anomaly M 85 indicated by airborne magnetic survey an t h e prairie of nor1 heastern China. Judging hy i t s intensity and s h a p e and taking t h e geological environment into account this anomaly w a s considered t o be caused by an oro occurrence. T h e ground magnetic follow-up survey also l o c a t e d t h e anomaly and t h e causative orebody w a s interpreted t o be a t a d e p t h of a b o u t 210 m. Drilling of t h e anomaly followed and revealed a thick bedded m a g n e t i t e o r e t~o d y a t a depth of 184 m. Then ground magnetic, gravimetric, electromaqnetic and borehole three-component maqnetic m e a s u r e m e n t s w e r e conducted t o furnish information b n t h e shape, mode of o c c u r r e n c e , and size of t h e orebody t o guide f u r t h e r exploration. Figure 40 .3 shows t h e ore uccurrence wrth t h e result of t h e threc-component magnetic measurement a n d t h e downward cnntinuat.ion of t h e vertical field (DL) anomaly.
It should b e noted t h a l , s o f a r a s Anomaly M 85 is concerned, f r o m the actual discovery of ithis anomaly by airborne m a g n e t i c survey t o t h e final confirmation by drilling took less than 4 months. F r o m m a n y c a s e histories w e have come to r e a l i~e t h a t o n r should learn t o s e e t h e essence through t h e a p p e a r a n c e and t h a t very often c o r r e c t knowledqe c a n be obtained only a f t e r a process of repeatcd p r a c t i c e and r e p e a t e d cognition.
A. Aeromagnetic AT Within this anomaly zone t h r e e local anomalies, A, 6, and C, w e r e indicated by t h e subsequent ground magnctrc follow-up. In 1962, a number of boreholes w e r e drilled for verification of Anomaly A (Fig. 40.4 ) and only a limited quantity of iron reserves w e r e obtained. A f t e r w a r d s in 1970 when making a f u r t h e r investiqation of this area, i t w a s noted t h a t a p a r t f r o m t h e local anomaly t h e r e exists around i t still a broad and gentle anomaly of low intensity, which had been thought in t h e past t o be t h e e f f e c t of diorite-porphyrite. Magnetic susceptibility determination of the diorite-porphyrite, however, showed t h a t it had too low a magnetization t o give rise t o such an anomaly. It was suggested t h a t the boreholes drilled before had only intersected t h e upper c o n t a c t orebodies, and all ended in the diorite-porphyrite. With this in consideration borehole ZK 1 9 1 was drilled and high-grade o r e s were encountered a t a depth of 217 m underneath t h e diorite-porphyrite, leading t o t h e discovery of the second and third ore beds. The theuretical curve calculated gave a fairly good coincidence with the one practically measured, indicating t h a t t h e second and third ore beds appear t o be t h e cause of t h e gentle low-intensity anomaly.
It is quite obvious t h a t any single geophysical method can a t best reflect only one aspect of t h e subsurface geology. It is for this reason t h a t several methods reasonably integrated a r e usually employed in an exploration program t o g e t a more comprehensive picture of t h e subsurface geology. Close cooperation of geological, geophysical and geochemical means of prospecting is also required t o make up for the deficiency of any given technique. Figure 40 .5 shows several selfpotential anomalies indicated in reconnaissance surveys on t h e Chinghai-Tibet. Plateau. Mineralization was revealed in all t h e t h r e e galleries driven initially on the self-potential anomalies P 1 and P2. This mineralization, however, was then regarded a s two small isolated bodies.
Sometime l a t e r when t h e work resumed in this a r e a , t h e Mise-A-la-masse method w a s applied with t h e purpose of clarifying t h e relationship between these orebodies.
The results obtained with all t h e t h r e e groundings used showed nearly the s a m e picture, indicating t h a t all these orebodies were connected with one another with an excellent electric conductivity, and t h e r e f o r e t h e size of t h e body tested by drilling appeared t o be much larger than i t was supposed before. Borehole ZK 1 4 and those on lines 1 and 2 drilled in accordance with the interpretation all intersected t h e body.
Thus all t h e isolated self-potential anomalies appeared t o be due to the local shallowest exposures of t h e body.
We have also carried out research programs into methodology so a s t o resolve prolems which have originated f r o m actual field work; for example, t h e mcthod of interpretation of magnetic anomalies in t h e c a s e of oblique magnetization, t h e techniques for gravity survey in mountains with complicated terrain conditions, t h e potential application of IP method and t h e approaches for i t s interpretation a s well a s t h e possible application of holographic techniques t o mineral exploration. In addition we a r e still expanding t h e aeromagnetic coverage of high-mountainous regions.
The development and achievements of geophysical prospecting in China also should be a t t r i b u t e d t o the persistent i m p l e n~e n t a t i o n of t h e mass line.
In addition t o t h e specialized geophysical brigades, geophysical prospecting t e a m s or groups have been organized in almost every geological field brigade, and t h e geological d e t a c h m e n t s of some counties a r e also equipped with magnetorneters and potentiometers t o do geophysical prospecting for mineral resources for t h e county and commune-run industries a s well a s groundwater investigations f o r t h e development of agriculture.
GEOCHEMICAL PROSPECTING I N CHINA
Since t h e l a t e fifties, a more or less systematic investigation of the primary halos of mineral deposits has been carried out in combination with t h e mining geology mapping t h e prospecting for blind orebodies inlor around known mineral deposits.
For example, a rock sampling program was carried out over a lead-zinc district of northeast China which had been exploited f o r some years. The primary halos controlled by t e c t o n i c f r a c t u r e s were found t o b e linearly distributed around lead-zinc bodies. However, t h e anomalies caused by t h e postmineral quart7 veins appeared t o greatly i n t e r f e r e with t h e resultant geochemical d a t a because of their similarity t o the ore minerals both in composition and configuration. But the C U / P~ ratio of t h e anomalies was quite different. Based on a large amount of data, i t was found t h a t directly over blind Pb-Zn orebodies related t o fracturing, lead was usually over 300 ppm, arsenic over 80 ppm, with the Cu/Pb r a t i o being less than 0.2. An a t t e m p t was made Lo use this criterion in an evaluation of o t h e r geochemical anomalies. As a result new blind lead-zinc orebodies of economic interest were discovered in t h e a r c a (Fig. 40.6 ). Thus an old mine was renewed and i t s useful life extended. Many examples of complicated nonlinear anomalies observed during l a t e r geochemical prospecting activities on a broad scale have further enriched our knowledge of primary halos. Within t h e s e anomalies, element contents f l u c t u a t e locally over a wide range, so t h a t mathematical methods a r e used t o suppress noise and permit anomalies t o b e divided into three concentration zones: namely t h e inner zone, t h e middle zone and the outer zorle, according t o t h e geometrical series of t h e background values. In this way, t h e pattern, size, and internal s t r u c t u r e of various nonlinear anomalies can be Copper and tungsten halos around a skarn copper orebody.
Contents compared. It has been proven in practice t h a t t h e presence of a n o u t e r zone a t t h e ground surface and i t s size may be used t o e v a l u a t e blind orebodies a t depth, while a middle zone of fairly large scale is an indication of a shallow-buried one.
Based on a systematic study of a vast amount of d a t a obtained in various areas, i t is considered t h a t a primary halo surrounding a steeply-dipping orebody may b e divided into t h r e e parts: a f r o n t p a r t (or front halo), an adjacent p a r t (or adjacent halo) and a r e a r p a r t (or rear halo). There a r e distinct longitudinal chemical zoning a t t h e f r o n t and rear halos. The most developed elements within t h e f r o n t halo of a Pb-Zn hydrothermal deposit involve Hg, Ag, Ba, As, Mn, and Pb, w h e r e a s those developed a t the adjacent and r e a r halos a r e Cu, Zn, Cd, Sn, W, Mo, and Bi. By investigating the c h a r a c t e r i s t i c chemical composition of primary halos on the land surface, predictions of blind ores a t depth and an evaluation of t h e erosion level of outcropping orebodies can b e made.
In south China, a geophysical prospecting team discovered a n anomaly zone extending over 3000 m e t r e s on e i t h e r side of a fault. The anomaly t o the south of the fault w a s c h a r a c t e r i z e d by a Sn-Cu-Pb association, while t h a t on t h e north was mainly characterized by a relatively high content of Pb, Zn, and Ag. A t first sight the mineralization was widespread in t h e south where ancient workings w e r e s c a t t e r e d everywhere, but i t was not very noticeable in t h e north.
According t o t h e zoning of primary halos, the prospecting t e a m c a m e t o t h e conclusion, t h a t concealed ore might b e encountered in t h e north and t h a t the orebody in the south was e i t h e r buried a t a shallow depth or was already eroded t o a certain level. This supposition was proved l a t e r by drilling (Fig. 40.7) .
A more complicated picture was encountered in t h e study of t h e primary halos of skarn copper deposits. The "synthesized zoning sequence" established from hydrothermal infiltration halos is inapplicable t o skarn copper deposits. For example, ~t can b e seen from Figure 40 .8 t h a t W occupying a place usually a t the end of the "synthesized zoning sequence'' becomes t h e most typical front element.
To study t h e primary halo of this type of deposit, factor analysis was first applied to discriminate the multistages of halo-formation.
Exploration geochemistry has already received a wide application in regional geological investigations. Through the repeated practices of many years, t h e method and techniques 1. -V, Ti, (Mn) 
Fourth degree trend surface for copper.
o f regional geochemistry have been improved and are taking shape i n our country. I n a country like China w i t h vast mountainous terrain, stream-sediment surveys should be carried out on a large scale t o enhance efficiency and effectiveness i n ore prospecting instead of low-efficiency soil surveys.
F o r example, i n a mountainous area i n southwest China, a stream-sediment survey was carried out i n conjunction w i t h 1:200,000 scale geological mapping. As a result, 86 anomalies were discovered, among which 19 anomalies were derived f r o m known deposits, 72 being newly discovered and many o f them were missed during the soil survey accompanying regional geological mapping. F i v e metallogenic zones were delineated according t o the geological structures (Fig. 40.9 ), thus providing valuable information for further mineral exploration and theoretical research i n this region. While making a further examination of 17 more promising anomalies, a large t i n deposit o f economic interest, a niobium-tantalum deposit, a tungsten deposit, two lead-zinc occurrences, and a gold prospect were discovered.
I n recent years statistical methods using computers have been widely applied i n China t o process the vast amount o f data obtained i n regional geochemical surveys.
The moving average method and trend surface analysis are considered as routine i n compilation and map production. Cluster analysis, discriminant analysis, and factor analysis are used as tools for the evaluation of anomalies. Figure 40 .10 shows the result of trend surface analysis o f copper i n stream sediments (4th-degree trend surface). I t can be noted clearly f r o m the map, that there is a highbackground zone w i t h two large anomalies (A and B), superimposed on it, so it is necessary t o delineate a more promising area i n the high-background zone t o the northeast. Figure 40 .11 shows the result of the discriminant analysis. F r o m the AR curve (AR=R-Ro, where R is the discriminant score, and R o the discriminant index), it is obvious that the background anomaly has been effectively filtered out.
Though stream-sediment survey technique has proven t o be an effective prospecting method i n mountainous areas, i n special cases, however, i t is also subject t o some limitations, so one must choose the particular geochemical method w i t h the local conditions i n mind. F o r example, i n high mountainous areas w i t h strongly dissected terrain, fine materials cannot remain i n the drainage system owing t o the frequent washing by torrential waterflow, i n which case stream-sediment surveys can hardly reveal any distinct anomaly; as an alternative, soil surveys would give a better result. I n some arid regions subjected t o severe wind erosion such as i n northwest China, there is usually neither sol1 cover, nor a well developed drainage system. I n such a case only colluvium sampling or rock sampling may be used. While conducting a soil survey i n a region, where a humus layer is developed, one can succeed sometimes in discovering anomalies even by sampling f r o m the humus layer. But i n a cold climate, high-altitude grassland or tundra where only herbage w i t h shallow root systems grow, i t is necessary t o take samples f r o m the upper permafrost under the humus layer owing t o the impoverishment of the humus layer i n metals by leaching.
I n regions where ancient or recent glaciation are noticeable, samples must be taken f r o m eluvium beneath the glacial drift.
I n south China, the open ground i n mountainous terrain is mostly cultivated and has become paddy fields. I n the past these areas were considered as being useless for geochemical sampling. I n recent years, however, it has been recognized that soils i n the paddy fields are mostly of eluvial origin, or have been transported only a short distance. I n such cases, anomalies could be readily found by sampling f r o m under the cultivated layer by augering.
The Kwangtung Geophysical Team has discovered a copper anomaly extending over 3000 m w i t h a C u content mostly of 100-200 ppm, which was accompanied by several small separate magnetic anomalies, over a large area of paddy fields i n the vicinity of a longabandoned mine; subsequently a skarn-type copper orebody over 100 m thick was revealed by drilling under the 20-30 m o f overburden (Fig. 40.12 ).
1. Quaternary deposits 2. quartz diorite 3. limestone 4. skarn Figure 40 .1 1 Distinction between superjacent anomaly and background anomaly by discriminant analysis.
